Christou H, Reslan OM, Mam V, Tanbe AF, Vitali SH, Touma M, Arons E, Mitsialis SA, Kourembanas S, Khalil RA. Improved pulmonary vascular reactivity and decreased hypertrophic remodeling during nonhypercapnic acidosis in experimental pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 302: L875-L890, 2012. First published January 27, 2012; doi:10.1152/ajplung.00293.2011.-Pulmonary hypertension (PH) is characterized by pulmonary arteriolar remodeling with excessive pulmonary vascular smooth muscle cell (VSMC) proliferation. This results in decreased responsiveness of pulmonary circulation to vasodilator therapies. We have shown that extracellular acidosis inhibits VSMC proliferation and migration in vitro. Here we tested whether induction of nonhypercapnic acidosis in vivo ameliorates PH and the underlying pulmonary vascular remodeling and dysfunction. Adult male Sprague-Dawley rats were exposed to hypoxia (8.5% O2) for 2 wk, or injected subcutaneously with monocrotaline (MCT, 60 mg/kg) to develop PH. Acidosis was induced with NH4Cl (1.5%) in the drinking water 5 days prior to and during the 2 wk of hypoxic exposure (prevention protocol), or after MCT injection from day 21 to 28 (reversal protocol). Right ventricular systolic pressure (RVSP) and Fulton's index were measured, and pulmonary arteriolar remodeling was analyzed. Pulmonary and mesenteric artery contraction to phenylephrine (Phe) and high KCl, and relaxation to acetylcholine (ACh) and sodium nitroprusside (SNP) were examined ex vivo. Hypoxic and MCT-treated rats demonstrated increased RVSP, Fulton's index, and pulmonary arteriolar thickening. In pulmonary arteries of hypoxic and MCT rats there was reduced contraction to Phe and KCl and reduced vasodilation to ACh and SNP. Acidosis prevented hypoxia-induced PH, reversed MCT-induced PH, and resulted in reduction in all indexes of PH including RVSP, Fulton's index, and pulmonary arteriolar remodeling. Pulmonary artery contraction to Phe and KCl was preserved or improved, and relaxation to ACh and SNP was enhanced in NH4Cl-treated PH animals. Acidosis alone did not affect the hemodynamics or pulmonary vascular function. Phe and KCl contraction and ACh and SNP relaxation were not different in mesenteric arteries of all groups. Thus nonhypercapnic acidosis ameliorates experimental PH, attenuates pulmonary arteriolar thickening, and enhances pulmonary vascular responsiveness to vasoconstrictor and vasodilator stimuli. Together with our finding that acidosis decreases VSMC proliferation, the results are consistent with the possibility that nonhypercapnic acidosis promotes differentiation of pulmonary VSMCs to a more contractile phenotype, which may enhance the effectiveness of vasodilator therapies in PH. pulmonary artery; pulmonary circulation; nitric oxide; vascular smooth muscle PULMONARY HYPERTENSION (PH) is a serious disease and a major and expanding public health problem with ϳ1,000 new patients diagnosed every year in the United States (6, 20) . PH is characterized by increased pulmonary arterial pressure and right ventricular hypertrophy (RVH). Increased pulmonary vascular resistance and pulmonary vascular remodeling lead to progressive right ventricular failure and significantly compromise the quality of life and life expectancy in affected individuals (20, 21, 51) .
PULMONARY HYPERTENSION (PH) is a serious disease and a major and expanding public health problem with ϳ1,000 new patients diagnosed every year in the United States (6, 20) . PH is characterized by increased pulmonary arterial pressure and right ventricular hypertrophy (RVH). Increased pulmonary vascular resistance and pulmonary vascular remodeling lead to progressive right ventricular failure and significantly compromise the quality of life and life expectancy in affected individuals (20, 21, 51) .
Although the etiology of PH is diverse and multifactorial, the underlying pathology and pathophysiology are common among its various forms. Endothelial dysfunction, excessive pulmonary vascular smooth muscle cell (VSMC) proliferation, hypertrophy, and migration, as well as various degrees of pulmonary vasoconstriction and inflammation, are major components of the pathobiology of PH and therefore represent important targets for current and emerging therapies (9, 13) . Vasodilator therapies such as prostacyclin (PGI 2 ), endothelin (ET-1) receptor antagonists, and phosphodiesterase-5 (PDE-5) inhibitors, either separate or in combination, are variably successful in slowing PH progression and prolonging survival (10, 47, 51, 71, 80) . Also, it is increasingly appreciated that alternative approaches such as antiproliferative, proapoptotic, or immunomodulatory therapies hold promise in further improving the outcome of PH (5, 18, 36, 52, 54, 64, 77) . Importantly, accumulating evidence supports that a phenotypic switch of pulmonary VSMCs from a contractile to a proliferative phenotype may contribute to the pathogenesis of PH (4, 24, 45, 48, 53) , and reversal of this pathology could enhance the effectiveness of vasodilator therapies.
Rodent models of experimental PH recapitulate to a certain extent the histological features of human PH and provide a useful tool to study the efficacy of novel therapeutic approaches (17, 31, 46, 65) . The hypoxic and monocrotaline (MCT) rat models are particularly useful in the evaluation of antiproliferative and proapoptotic therapies since medial hypertrophy of the pulmonary arterioles is a key feature in these PH models (36, 52, 54, 64) . We have previously shown that chronic hypoxia and MCT treatment in rats are associated with decreased pulmonary artery reactivity and significant pulmonary arteriolar remodeling (50) . We have also reported that extracellular acidosis inhibits proliferation and migration of cultured rat and mouse VSMCs (8, 11, 30) . Although some studies have raised the possibility that hypercapnic acidosis may be protective in the setting of PH (42, 58) , the role of acidosis per se has not been examined, and the pulmonary vascular mechanisms involved have not been clearly identified. The present study was designed to test the hypothesis that nonhypercapnic acidosis is protective in experimental PH by improving pulmonary artery reactivity and by decreasing hypertrophic remodeling. We measured the hemodynamics and examined the pulmonary arterial function in hypoxia and MCT-induced rat models of PH chronically treated or nontreated with NH 4 Cl to determine whether 1) nonhypercapnic acidosis improves hemodynamic parameters and ameliorates RVH in experimental PH, 2) mild acidosis improves pulmonary arterial relaxation via the endothelium-dependent NOcGMP pathway in PH, 3) the pulmonary VSMC responsiveness to vasodilators is enhanced during nonhypercapnic acidosis in experimental PH, and 4) the beneficial effects of acidosis in experimental PH could be related to decreased pulmonary arterial remodeling.
METHODS
Animals. Adult (12 wk) male Sprague-Dawley rats (250 -300 g; Charles River Laboratories, Wilmington, MA) were housed in the animal facility in 12:12-h light-dark cycle, at 22 Ϯ 1°C ambient temperature, and maintained on ad libitum normal Purina Rodent Chow (Purina, St. Louis, MO) and tap water. All experiments were approved by the Children's Hospital Animal Care and Use Committee and the Harvard Medical Area Standard Committee on Animals.
Hypoxic exposure. Rats were exposed to chronic hypoxia at 8.5% O 2 inside a chamber, where O2 is controlled to within a 0.2% range by an OxyCycler controller (BioSpherix, Redfield, NY) (76) . Electronic controllers injected nitrogen into the hypoxic chamber to maintain the appropriate inspired O 2 fraction, and ventilation was adjusted to remove CO2 so that it did not exceed 5,000 ppm (0.5%). Ammonia was removed by ventilation and activated charcoal filtration using an electric air purifier. The hypoxic chamber was opened twice a week to replenish food and water and to change the bedding. The duration of hypoxic exposure was 2 wk. Normoxic control rats were kept in the same animal room outside the hypoxic chamber.
MCT injection. For the MCT model of PH, age-matched rats were given a single subcutaneous injection of 60 mg/kg MCT (Sigma, St. Louis, MO). Control rats were injected with the same volume of vehicle (normal saline). The rats were assessed for development of PH 28 days after injection.
Induction of nonhypercapnic acidosis. Nonhypercapnic acidosis was induced to examine 1) whether nonhypercapnic acidosis can prevent experimental PH before the onset of the disease (tested in the hypoxic model), and 2) whether nonhypercapnic acidosis can reverse experimental PH after the disease is already established (tested in the MCT model). To induce nonhypercapnic acidosis in the hypoxic animals, ammonium chloride (NH 4Cl, 1.5%) was added to the drinking water for 5 days prior to and continued during the 2 wk of hypoxic exposure (prevention protocol). Sucrose (5%) was added to increase palatability of the drinking water for both hypoxic and control normoxic rats. Water consumption was monitored and was estimated to be ϳ20 ml per rat per day. For induction of nonhypercapnic acidosis in the MCT rats, NH 4Cl and sucrose were added to the drinking water starting on day 21 after MCT injection and continued until day 28 (late reversal protocol).
NH 4Cl treatment for 3-5 days has been used to induce metabolic acidosis in experimental animals (22, 49) . Our initial experiments showed that animals pretreated with NH 4Cl for 5 days then subjected to hypoxia for 1 wk with continuous NH4Cl treatment had significantly lower Fulton's index (FI) (less RVH) than animals subjected to 1 wk hypoxia without NH4Cl treatment. Because prolonged hypoxia could cause a more severe form of PH, we tested whether induction of acidosis would ameliorate hypoxic PH after prolonged hypoxic exposure. Prolonged 2 wk hypoxia caused further increase in FI, and animal pretreatment with NH4Cl for 5 days and continuous NH4Cl treatment for the 2 wk of hypoxia caused significant reduction in FI (see RESULTS) .
Because acidosis was effective as a preventive strategy, we also tested whether it would be effective as a reversal strategy. Although there are no established reversal protocols for the hypoxic rat model of PH, the MCT model has been utilized in established reversal protocols: treatments aimed at "early reversal" last from day 14 to day 28, and treatments aimed at "late reversal" last from day 21 to day 28. We chose the late reversal protocol because we reasoned that if our intervention was successful this would be the most clinically relevant model. Also, given that MCT requires conversion to the toxic metabolite to cause the disease, we wanted to space the acidosis intervention at a sufficiently remote time from MCT metabolism so that the results would not be attributed to possible effects of NH4Cl on MCT metabolism.
RVSP and LVSP measurements. At the end of the experimental exposure, rats were anesthetized with 2% isoflurane inhalation and remained spontaneously breathing. A small, transverse incision was made in the abdominal wall, and the transparent diaphragm exposed. A 23-gauge butterfly needle, with tubing attached to a pressure transducer, was inserted through the diaphragm first into the right ventricle and then into the left ventricle, and pressure measurements were recorded in spontaneously breathing animals with heart rates over 300/min by use of PowerLab monitoring hardware and software (ADInstruments, Colorado Springs, CO). Mean right and left ventricular systolic pressures (RVSP and LVSP, respectively) over the first 10 stable heart beats were recorded.
Arterial blood gas and hematocrit analyses. After hemodynamic measurements, a 0.2-ml blood sample was collected from the cardiac chambers for determination of hematocrit, pH, and PCO2 by use of a blood gas analyzer (Roche Diagnostics Indianapolis, IN). Overanesthetized animals with respiratory depression (PCO2 Ͼ55 mmHg) were excluded from the analysis.
Right ventricular weight and FI. Hearts and pulmonary vasculature were perfused in situ with cold 1ϫ phosphate-buffered saline (PBS) injection into the right ventricle. The heart was excised, and both ventricles were weighed. The right ventricular free wall was then dissected and the remaining left ventricular wall and ventricular septum were weighed. RVH was assessed as FI (ratio of right ventricular weight to the left ventricularϩseptum weight) or as the ratio of right ventricular weight to total body weight.
Tissue preparation for ex vivo vascular function studies. In euthanized rats, the thoracic cavity was opened, and the lung and pulmonary arteries were rapidly excised. The abdominal cavity was then opened and the mesentery and mesenteric arterial arcade were excised and placed in oxygenated Krebs solution. The right and left pulmonary artery and second order mesenteric arteries were carefully dissected and cleaned of connective tissue under microscopic visualization and cut into 3-mm-wide rings.
Isometric contraction. Vascular segments were suspended between two tungsten wire hooks, with one hook fixed at the bottom of a tissue bath and the other hook connected to a Grass force transducer (FT03, Astro-Med, West Warwick, RI). Pulmonary artery and mesenteric artery segments from the same rat were stretched under 1 or 0.5 g of resting tension, respectively (as determined by preliminary tensioncontraction curves to KCl) and allowed to equilibrate for 45 min in a temperature controlled, water-jacketed tissue bath, filled with 50 ml Krebs solution continuously bubbled with 95% O2-5% CO2 at 37°C. The changes in isometric contraction were recorded on a Grass polygraph (model 7D, Astro-Med).
After tissue equilibration, a control contraction in response to 96 mM KCl was elicited. Once maximum KCl contraction was reached, the tissue was rinsed with Krebs three times for 10 min each. The control KCl-induced contraction followed by rinsing in Krebs was repeated twice. Vascular segments were stimulated with increasing concentrations of phenylephrine (Phe, 10 Ϫ9 to 10 Ϫ5 M), concentration-contraction curves were constructed, and the maximal Phe contraction and the pED50 (Ϫlog M) were calculated. In other experiments, the tissues were precontracted with Phe (10 Ϫ5 M), increasing concentrations (10 Ϫ9 to 10 Ϫ5 M) of acetylcholine (ACh) were added, and the % relaxation of Phe contraction was measured. Parallel contraction and relaxation experiments were performed in endotheliumintact vascular rings pretreated with the NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME, 3 ϫ 10 Ϫ4 M) or the guanylate cyclase inhibitor 1H- [1, 2, 4] Lung histology and morphometric analysis. In a subset of experimental animals, the lungs were perfused with PBS through the right ventricle to remove the blood from the pulmonary vessels, fixed with cold 4% paraformaldehyde through the trachea, then excised and fixed in 4% paraformaldehyde overnight at 4°C followed by paraffin em- Data represent means Ϯ SE of cumulative data from 6 -12 rats. *Measurements in hypoxia or monocrotaline (MCT)-treated rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxic rats. †Measurements in NH4Cl-treated (acidosis) rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxic, hypoxic, or MCT rats without NH4Cl treatment. bedding. Lung sections (6 m) were stained with hematoxylin and eosin and examined with light microscopy by two independent investigators (E. Arons and M. Touma) in a blinded fashion. Images of the arterioles were captured with a microscope digital camera system (Nikon) and analyzed via an image analysis program (NIH Image). At least 15 arterioles of comparable size (50 -100 m diameter) per rat, from the lungs of five different rats from each experimental group were evaluated. The % wall thickness was determined by dividing the area occupied by the vessel wall by the total cross-sectional area of the arteriole as previously reported (12) . This method accounts for uneven vessel wall thickness and areas that have obliquely sectioned pulmonary arterioles.
Solutions and drugs. Krebs solution contained (in mM) 120 NaCl, 5.9 KCl, 25 NaHCO3, 1.2 NaH2PO4, 11.5 dextrose, 2. Statistical analysis. Cumulative data from 6 to 12 rats per experimental group were analyzed and presented as means Ϯ SE, with the n value representing the number of rats. For the hemodynamic and histology data, group comparisons were done with a one-way ANOVA and Tukey-Kramer posttest for multiple comparisons. Correlation was done with a nonparametric test (Spearman correlation, GraphPad Prism). For the ex vivo studies in vascular rings, contraction and relaxation experiments were performed on two to four rings of pulmonary artery and two rings of mesenteric artery from each rat, and the data from different vascular rings from each vascular bed were averaged for each rat. Cumulative data from six to eight different rats per experimental group were presented as means Ϯ SE with the n value representing the number of rats. Data were first analyzed using one-way ANOVA with Scheffé's F test, where F ϭ variance between groups/variance within groups. When a statistical difference was observed, the data were further analyzed by Student-Newman-Keuls post hoc test for multiple comparisons. Concentration-contraction curves and Phe ED50 were determined by nonlinear regression best-fit sigmoidal curve (Sigmaplot). Differences were considered statistically significant if P Ͻ 0.05. 4 Cl treatment on body weight, acid-base status, and hematocrit. Initial body weight in all rats was 250 -300 g. Treatment of rats under normoxia with NH 4 Cl for 5 days did not significantly affect body weight (Table 1) . Hypoxic animals did not gain weight over a 2-wk period. Also, following 2 wk of hypoxic exposure, NH 4 Cl-treated rats had significantly lower body weight (243 Ϯ 11 g) compared with nontreated rats (289 Ϯ 10 g, P ϭ 0.004). In comparison, MCT-treated rats gained weight, and NH 4 Cl treatment did not significantly change their body weight (Table 1) .
RESULTS

Effect of NH
To address the effectiveness of NH 4 Cl treatment in inducing nonhypercapnic acidosis we performed arterial blood gas analysis. As shown in Table 1 , in rats under hypoxic exposure for 2-wk treatment with NH 4 Cl resulted in significantly lower pH values compared with hypoxic rats without NH 4 Cl treatment. The mean pH of hypoxic rats after a 2-wk hypoxic exposure (7.29 Ϯ 0.01) was significantly lower than that of normoxic animals (7.37 Ϯ 0.01, P ϭ 0.0001), and treatment with NH 4 Cl led to a significantly lower pH (7.08 Ϯ 0.02, P Ͻ 0.0001) compared with nontreated hypoxic rats in the same hypoxic chamber. These changes were not due to hypercapnia because mean PCO 2 in the NH 4 Cl-treated hypoxic rats (40 Ϯ 1.8 mmHg) was not significantly different from that in hypoxic rats in the same chamber and without NH 4 Cl treatment (45 Ϯ 2 mmHg, P ϭ 0.08). Of note, hypoxic rats that received NH 4 Cl had significantly lower HCO 3 Ϫ levels compared with hypoxic rats without NH 4 Cl treatment. In MCT-induced PH, treatment with NH 4 Cl for 1 wk was associated with significantly lower systemic pH (7.26 Ϯ 0.04) and HCO 3 Ϫ (19.5 Ϯ 1.7) compared with MCT-treated rats without NH 4 Cl treatment (mean pH 7.36 Ϯ 0.01 and mean HCO 3 Ϫ 27.5 Ϯ 0.7, P Ͻ 0.05) ( Table 1) . Hematocrit, a sensitive indicator of hypoxia, was significantly greater in hypoxic animals (63.3 Ϯ 2.3% after 2 wk hypoxic exposure) than normoxic animals (38.5 Ϯ 1.2%, P Ͻ 0.001). Among hypoxic rats, there were no significant differences in hematocrits between NH 4 Cl-treated (66.1 Ϯ 2.4%) and nontreated rats (63.3 Ϯ 2.3% at 2 wk). This indicates that Fig. 2 . Effect of treatment with NH4Cl on right ventricular hypertrophy (RVH) in hypoxic and MCT-treated rat models of PH. RVH was assessed by Fulton's index (ratio of right ventricular weight to left ventricularϩseptal weight) (A) and as the ratio of right ventricular weight to total body weight (B). Data represent means Ϯ SE from 6 to 12 rats per experimental group. *Measurements in hypoxic or MCT-treated rats are significantly different (P Ͻ 0.05) from the corresponding measurements in control normoxic or vehicle-treated rats. #Measurements in NH4Cl-treated hypoxic or MCT-treated rats are significantly different (P Ͻ 0.05) from the corresponding measurements in hypoxic or MCT rats without NH4Cl treatment. C: linear regression and 95% confidence intervals of the relationship between arterial pH and Fulton's index among rats exposed to hypoxia for 2 wk with or without treatment with NH4Cl (acidosis). Each individual rat is represented by an individual data point. treatment with NH 4 Cl did not interfere with the polycythemic response to hypoxia in our experimental animals. Hematocrits were not significantly different between MCT-treated and normoxic rats with or without treatment with NH 4 Cl ( Table 1) .
Treatment with NH 4 Cl decreases RVSP in experimental PH. Hemodynamic measurements were performed under isoflurane anesthesia in spontaneously breathing animals using direct right ventricular puncture. Measurements of hemodynamics revealed signs of PH in hypoxic rats. The RVSP, an indicator of blood pressure in the pulmonary circulation, was significantly increased after hypoxic exposure (57.1 Ϯ 2.8 mmHg) compared with normoxia (26.3 Ϯ 4.9 mmHg, P Ͻ 0.05) (Fig. 1, A and B) . In hypoxic rats, treatment with NH 4 Cl was associated with a small but significant reduction of RVSP (48.2 Ϯ 2.2 mmHg), although these rats still had significantly higher RVSP than normoxic controls (Fig. 1) . LVSP, an indicator of blood pressure in the systemic circulation, was not significantly different in hypoxic compared with normoxic rats, and treatment with NH 4 Cl did not significantly alter LVSP (Fig. 1C) .
We also examined whether NH 4 Cl treatment in established PH (21 days after MCT injection) would be effective in reversing MCT-induced PH. Hemodynamic measurements revealed significantly greater RVSP in MCT-treated compared with vehicle-treated rats (Fig. 1B) . RVSP was not significantly different in the MCT-vs. hypoxia-induced model of PH. Treatment with NH 4 Cl resulted in a significant reduction in RVSP in MCT-treated rats, although the RVSP in these animals remained elevated compared with vehicle-treated controls (Fig. 1B) . MCT-treated rats had slightly but not significantly lower LVSP compared with vehicle-treated controls, and treatment with NH 4 Cl was associated with significant decrease in LVSP (Fig. 1C) .
Induction of mild acidosis in experimental PH leads to amelioration of RVH. To define the effect of NH 4 Cl treatment on the hypoxic response of the right ventricle, we next assessed RVH using FI and the ratio of right ventricular weight to total body weight. FI was 0.28 Ϯ 0.007 in normoxic rats and increased significantly after 2 wk of hypoxic exposure (0.54 Ϯ 0.02, P Ͻ 0.001) (Fig. 2A) . Treatment with NH 4 Cl for 5 days prior to and during the 2-wk hypoxic exposure resulted in significant amelioration of RVH and reduction of FI (0.44 Ϯ 0.01, P Ͻ 0.0001). Similar findings were observed when RVH was assessed as the ratio of right ventricular weight to total body weight (Fig. 2B) . Importantly, among the rats exposed to hypoxia for 2 wk with or without treatment with NH 4 Cl, there was a linear relationship between plasma pH and FI (Fig. 2C) . It thus appears that the degree of protection by NH 4 Cl treatment against RVH is proportional to the degree of metabolic acidosis induced. Similarly, FI was significantly increased in MCT-treated rats compared with vehicle-injected controls, and treatment with NH 4 Cl significantly decreased FI in MCTtreated animals ( Fig. 2A) . Also, the right ventricular weight to total body weight ratio was significantly increased in MCT-treated rats compared with vehicle-injected controls and was significantly reduced during treatment with NH 4 Cl (Fig. 2B) .
Treatment with NH 4 Cl preserves pulmonary artery contraction in experimental PH. In pulmonary artery rings of normoxic rats, the ␣-adrenergic agonist Phe caused concentrationdependent contraction that reached a maximum at 10 Ϫ5 M (Fig. 3A) . The Phe-induced contraction was significantly reduced in pulmonary artery rings from hypoxic and MCTtreated rats compared with normoxic rats (Fig. 3A and Table 2 ), suggesting reduced pulmonary vascular reactivity in PH. In hypoxic and MCT-treated rats that received NH 4 Cl, Pheinduced contraction was significantly improved to levels approaching, yet still less than, those observed in control normoxic rats ( Fig. 3A and Table 2 ). When the Phe contraction was presented as % of maximum and the ED 50 was calculated, Phe appeared to be equally potent in inducing contraction in the pulmonary arteries of the various groups of rats ( Fig. 3C and Table 2 ). In comparison, parallel experiments on mesenteric arteries from the same animals demonstrated that Pheinduced maximum contraction and the Phe ED 50 did not differ among the various experimental groups (Fig. 3, B and D, and Table 2 ).
To examine the effect of acidosis on another vasoconstrictor stimulus, the contractile response to membrane depolarization by KCl was examined. Membrane depolarization by 96 mM KCl caused significant contraction in pulmonary and mesenteric artery of normoxic rats (Fig. 4) . KCl contraction was significantly reduced in pulmonary arteries of hypoxic and MCT-treated rats compared with normoxic rats, and treatment with NH 4 Cl significantly improved KCl contraction in the hypoxic and MCT-treated groups (Fig. 4A) . KCl-induced contraction remained significantly lower in pulmonary arteries of hypoxiaϩacidosis rats compared with normoxiaϩacidosis rats but was enhanced in MCT rats treated with NH 4 Cl to levels not significantly different from those in normoxiaϩacidosis rats. In contrast, KCl contraction was not significantly different in mesenteric arteries of normoxic, hypoxic, and MCT-treated animals irrespective of NH 4 Cl treatment (Fig. 4B) .
Pretreatment of pulmonary artery with the NOS inhibitor L-NAME (3 ϫ 10 Ϫ4 M) or the guanylate cyclase inhibitor ODQ (10 Ϫ5 M) for 10 min caused an increase in basal tension and slightly enhanced the magnitude of Phe-induced contraction in normoxic rats (Fig. 5A and Table 2 ). In pulmonary artery of normoxic rats treated with NH 4 Cl, L-NAME did not cause any change in Phe contraction, and ODQ caused an apparent yet insignificant enhancement of Phe contraction (Fig.  5A and Table 2 ). Treatment of pulmonary artery rings with L-NAME or ODQ caused a small increase in basal tension in hypoxic and MCT-treated rats and minimally enhanced the magnitude of Phe contraction (Fig. 5 , C and E, and Table 2) , and the Phe responses were still less than those of control normoxic rats. Also, in pulmonary artery rings of hypoxic and MCT-treated rats that received NH 4 Cl, L-NAME and ODQ caused little change in basal tension and Phe contraction (Fig.  5 , D and F, and Table 2 ). The Phe contractile response as % of maximal Phe-induced contraction and the Phe ED 50 were similar in L-NAME-and ODQ-treated pulmonary artery from normoxic rats with or without NH 4 Cl treatment (Fig. 6, A and B, and Table 2 ). Although the Phe ED 50 was not significantly different in the pulmonary artery of the different experimental groups (Table 2) , the Phe contractile response as % of maximum was significantly enhanced with ODQ in pulmonary artery segments of hypoxic and MCT-treated rats with (Fig. 6 , D and F) or without treatment with NH 4 Cl (Fig. 6, C and E) . Also, presenting the Phe contraction as % of Ca 2ϩ -dependent KCl contraction demonstrated that the Phe contraction was slightly, yet significantly enhanced by ODQ in pulmonary Data represent means Ϯ SE of cumulative data from 6 -8 rats. *Measurements in hypoxia or MCT-treated rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxic rats. †Measurements in NH4Cl-treated (acidosis) rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxic, hypoxic, or MCT rats without NH4Cl treatment. ‡Measurements in N -nitro-L-arginine methyl ester (L-NAME) or guanylate cyclase inhibitor 1H- [ arteries from normoxic rats irrespective of NH 4 Cl treatment (Fig. 7, A and B) . In comparison, in the presence of L-NAME or ODQ, the Phe contraction as % of KCl was dramatically enhanced in hypoxic and MCT-treated rats with (Fig. 7, D and  F) or without NH 4 Cl treatment (Fig. 7 , C and E and Table 2 ). Combined, these findings suggest that a potential compensatory mechanism involving the NO-cGMP signaling pathway may be activated in experimental PH, and NH 4 Cl treatment did not significantly alter or interfere with this potential rescue mechanism.
Treatment with NH 4 Cl improves pulmonary artery relaxation in experimental PH. ACh caused concentration-dependent relaxation in Phe-precontracted pulmonary artery rings of normoxic rats that reached a maximum of 48.56 Ϯ 2.88% at 10 Ϫ5 M (Fig. 8A) . ACh relaxation was not significantly different in pulmonary arteries of normoxic rats with or without NH 4 Cl treatment (Fig. 8A) . ACh-induced pulmonary artery relaxation was significantly reduced in hypoxic and MCTtreated rats compared with normoxic rats (Fig. 8A and Table 2 ), suggesting either reduced production of, or decreased responsiveness to, endothelium-derived vasodilators such as NO in experimental PH. ACh-induced relaxation was enhanced in hypoxic and MCT-treated rats that received NH 4 Cl to levels approaching, but still less than, those observed in normoxic rats ( Fig. 8A and Table 2 ). In contrast, ACh relaxation was not significantly different in Phe-precontracted mesenteric artery rings of normoxic, hypoxic, and MCT-treated rats with or without NH 4 Cl treatment (Fig. 8B and Table 2 ).
In pulmonary artery rings of normoxic rats with or without treatment with NH 4 Cl, the NOS inhibitor L-NAME and the guanylate cyclase inhibitor ODQ abolished ACh relaxation, suggesting the involvement of the NO-cGMP pathway (Fig. 9,  A and B) . Pretreatment with L-NAME or ODQ also abolished the remaining small ACh-induced relaxation in pulmonary artery of hypoxic and MCT-treated rats (Fig. 9, C and E) , suggesting that the residual vasorelaxation response to ACh in experimental PH is mediated by the NO-cGMP pathway. L-NAME and ODQ also inhibited the improved ACh relaxation in hypoxic and MCT-treated rats that received NH 4 Cl (Fig. 9,  D and F) , suggesting that the enhanced ACh relaxation induced by NH 4 Cl involves enhanced production of, or responsiveness to, the NO-cGMP signaling pathway.
In pulmonary artery segments precontracted with Phe (10 Ϫ5 M), the exogenous NO donor SNP caused concentrationdependent relaxation that was significantly reduced in hypoxic and MCT-treated rats compared with normoxic rats (Fig. 10A and Table 2 ), suggesting decreased responsiveness of VSMCs to vasodilators. SNP-induced relaxation was significantly improved in hypoxic and MCT-treated rats that received NH 4 Cl to levels approaching those observed in normoxic rats ( Fig.  10A and Table 2 ). In contrast, SNP-induced relaxation was not significantly different in mesenteric arteries of normoxic, hypoxic, and MCT-treated rats with or without NH 4 Cl treatment ( Fig. 10B and Table 2 ). Treatment with NH 4 Cl ameliorates pulmonary vascular remodeling in experimental PH. To test for possible relation between the changes in vascular function in the pulmonary vessels and structural remodeling of the pulmonary arterioles, lung histology, and morphometric analysis were performed on lung tissue sections from all experimental groups. In lung tissue sections stained with hematoxylin and eosin, the % wall thickness of the pulmonary arterioles was significantly greater in hypoxic rats compared with control normoxic rats (Fig. 11) . In contrast, in hypoxic rats treated with NH 4 Cl the pulmonary vascular remodeling was markedly reduced, and the thickness of the pulmonary arterioles was comparable to that of the normoxic controls (Fig. 11, A and B) . The medial and adventitial thickness was also increased in pulmonary arterioles from MCT-treated rats (day 28) compared with vehicle-treated controls. In MCT rats treated with NH 4 Cl from day 21 to day 28 after MCT injection (late reversal), a significant reduction in pulmonary arteriolar wall thickness was observed compared with MCT-injected animals without NH 4 Cl treatment (Fig. 11B ).
DISCUSSION
Extracellular pH has an important role in the regulation of systemic and pulmonary vascular tone. Although hypercapnia and acidosis are clinically associated with pulmonary vasoconstriction, studies in adult and newborn rats showed that hypercapnia was protective in hypoxia-induced PH (42, 58) . Ooi and colleagues (58) reported that chronic hypercapnia inhibited hypoxic pulmonary vascular remodeling in adult rats but did Fig. 4 . KCl-induced contraction in pulmonary artery (A) and mesenteric artery (B) of normoxic, hypoxic, and MCT-treated rats with or without treatment with NH4Cl (acidosis). Pulmonary and mesenteric artery rings were stimulated with 96 mM KCl, and the contractile response was measured and presented in g/mg tissue (A) or in g (B). Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in hypoxia or MCT-treated rats are significantly different (P Ͻ 0.05) from corresponding measurements in control normoxic rats. #Measurements in NH4Cl-treated (acidosis) rats are significantly different (P Ͻ 0.05) from corresponding measurements in hypoxia or MCT-treated rats without NH4Cl treatment. †Measurements in hypoxiaϩacidosis rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxiaϩacidosis rats.
not report the arterial pH of the hypercapnic rats. The authors found improved ACh-induced relaxation in pulmonary arteries of hypercapnic rats in the setting of hypoxia, which is in agreement with our vascular function findings. However, they found that hypercapnia interfered with the polycythemic response in hypoxic rats, whereas in our study nonhypercapnic acidosis did not interfere with the hypoxic sensing and signaling leading to polycythemia. Kantores and coworkers (42) reported that hypercapnia attenuated oxidant stress and ameliorated PH in a hypoxic neonatal rat model, possibly through prevention of hypoxic upregulation of ET-1 in distal airway epithelium and pulmonary arteriolar wall. Although this study reported mean arterial pH of 7.10 in the hypercapnic/hypoxic rats compared with 7.33 in hypoxic controls, the study did not address whether the protection seen in the hypercapnic rats was mediated by acidosis. Thus, although acidosis was likely present in these studies (42, 58) , neither study assessed the role of acidosis in mediating the protective effects of hypercapnia. Interestingly, Hales and colleagues (60 -62, 67) suggested that pulmonary artery VSMC Na ϩ /H ϩ exchanger and intracellular alkalinization may play a pathogenetic role in experimental PH. Together, these studies provide indirect evidence that acidosis may be protective in experimental PH.
To test for a more direct evidence that acidosis is protective in experimental PH, the present study demonstrates that induction of mild nonhypercapnic acidosis in hypoxic and MCTtreated rats is associated with 1) improved pulmonary hemodynamics and reduced RVSP and RVH, 2) improved pulmonary vascular function and relaxation via the endothelium-dependent NOcGMP pathway, 3) enhanced pulmonary VSMC responsiveness to vasodilators, and 4) decreased pulmonary arteriolar hypertrophic remodeling. for 10 min. The tissues were stimulated with increasing concentrations of Phe, and the contractile response was measured and presented as g/mg tissue weight. Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in L-NAME-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments. #Measurements in ODQ-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments.
Chronic treatment with NH 4 Cl has been used to induce metabolic acidosis in experimental animals (22, 28, 41, 49, 55) . In the present study, treatment with 1.5% NH 4 Cl for 19 days in the hypoxic group and 7 days in the MCT group was associated with a decrease in arterial pH, without any significant changes in arterial PCO 2 levels, and was well tolerated. Induction of nonhypercapnic acidosis in hypoxic rats was associated with improved indexes of PH including RVSP, RVH, and FI, suggesting efficiency of acidosis in preventing the progression of PH. Also, induction of acidosis in MCT-treated rats was associated with reduced RVSP, RVH, and FI, supporting the efficiency of acidosis intervention in reversing the pathology of PH.
To identify the vascular mechanisms involved in the improved pulmonary hemodynamics during nonhypercapnic acidosis in experimental PH, we examined vascular function in pulmonary arteries from hypoxic and MCT rats with and without NH 4 Cl treatment. Consistent with our previous report (50) , pulmonary artery contraction to the ␣-adrenergic receptor agonist Phe was reduced in hypoxic and MCT-treated rats. This is in agreement with a report that ET-1-induced constriction of pulmonary artery is reduced in the hypoxic rat model of PH (37) . Other studies have shown that chronic hypoxia is associated with increased vasomotor tone and enhanced production/activity of ET-1 and angiotensin II (AngII) in the lung (56, 66) . The difference in the results could be due to the vasoconstrictive agonist (Phe vs. ET-1 or AngII) or the vascular preparation used (pulmonary artery vs. isolated perfused lung). Importantly, Phe-induced contraction was improved in hypoxic and MCT rats treated with NH 4 Cl. This is unlikely due to changes in the sensitivity of ␣-adrenergic receptors because the Phe ED 50 was not significantly different between normoxic, hypoxic, and MCT-treated rats with or without NH 4 Cl treatment. This is also unlikely due to increased expression of ␣-adrenoreceptors because contraction to high KCl, a receptorindependent response, was improved in hypoxic and MCT rats treated with NH 4 Cl, suggesting that nonhypercapnic acidosis Fig. 6 . Sensitivity to Phe-induced contraction during blockade of the NO-cGMP pathway in pulmonary artery of normoxic, hypoxic, and MCT-treated rats with or without treatment with NH4Cl (acidosis). Pulmonary artery rings of control normoxic (A), normoxicϩacidosis (B), hypoxic (C), hypoxicϩacidosis (D), MCTtreated (E), and MCTϩacidosis rats (F) were either nontreated (OE) or pretreated with the NOS inhibitor L-NAME (3 ϫ 10 Ϫ4 M; ) or the guanylate cyclase inhibitor ODQ 10 Ϫ5 M ( ) for 10 min. The tissues were stimulated with increasing concentrations of Phe, and the contractile response was measured and presented as % of maximum Phe contraction. Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in L-NAME-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments. #Measurements in ODQ-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments. may improve a common postreceptor signaling pathway in pulmonary vessels.
To investigate whether the reduced pulmonary artery contraction in hypoxic and MCT rats and its improvement during nonhypercapnic acidosis involve changes in endothelium-dependent NO-cGMP pathway (23, 35) , we tested the effects of blockade of NO production by L-NAME or inhibition of guanylate cyclase and cGMP production by ODQ. Even with NOS or guanylate cyclase inhibition, Phe contraction remained significantly less in hypoxic and MCT rats than normoxic rats, suggesting that the ␣-adrenergic postreceptor signaling mechanisms or the pulmonary artery contractile machinery are less responsive to Phe. Although the Phe ED 50 was not significantly different in the pulmonary artery of different experimental groups, the Phe contractile response as % of maximum was markedly enhanced by ODQ in hypoxic and MCT-treated rats with and without acidosis. Also, Phe contraction as % of KCl contraction was enhanced by L-NAME or ODQ in pulmonary arteries from hypoxic and MCT rats with or without treatment with NH 4 Cl. These findings can be explained by possible activation of the NO-cGMP pathway as a compensatory rescue mechanism in experimental PH, and suggest that NH 4 Cl treatment does not interfere with this compensatory mechanism. Also, assuming that KCl contraction is mainly due to Ca 2ϩ influx (43) , then the enhancing effects of blockers of NOcGMP on Phe contraction in pulmonary arteries of hypoxic and MCT rats with NH 4 Cl treatment could be due to increased Ca 2ϩ -sensitization pathways of VSMC contraction such as protein kinase C and Rho kinase. These Ca 2ϩ -sensitization pathways are likely obscured by compensatory activation of NO-cGMP in experimental PH but uncovered during treatment of pulmonary arteries with blockers of NO-cGMP. This is Fig. 7 . Phe-induced contraction as % of Ca 2ϩ -dependent 96 mM KCl-induced contraction during blockade of the NO-cGMP pathway in pulmonary artery of normoxic, hypoxic, and MCTtreated rats with or without treatment with NH4Cl (acidosis). Pulmonary artery segments of control normoxic (A), normoxicϩacidosis (B), hypoxic (C), hypoxicϩacidosis (D), MCTtreated (E), and MCTϩacidosis rats (F) were either nontreated (OE) or pretreated with the NOS inhibitor L-NAME (3 ϫ 10 Ϫ4 M; ) or the guanylate cyclase inhibitor ODQ (10 Ϫ5 M; ) for 10 min. The tissues were stimulated with increasing concentrations of Phe, and the contractile response was measured and presented as % of the control Ca 2ϩ -dependent 96 mM KClinduced contraction. Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in L-NAME-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments. #Measurements in ODQ-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments.
supported by reports that the RhoA/Rho kinase system plays a key role in PH (15) and that treatment with Rho-kinase inhibitors reduces RVH and reverses pulmonary arterial remodeling in the hypoxic rat model of PH (79) .
In concordance with previous reports (2, 50), ACh-induced relaxation was reduced in pulmonary artery of hypoxic and MCT rats. ACh relaxation was improved during induction of nonhypercapnic acidosis in rat models of PH. The enhanced ACh relaxation induced by NH 4 Cl treatment is less likely due to changes in endothelial cholinergic receptors because the relaxation to the exogenous NO donor SNP was also reduced in PH rats and improved during induction of nonhypercapnic acidosis. Because ACh-induced relaxation was blocked by L-NAME or ODQ, the enhanced ACh relaxation during NH 4 Cl treatment may be explained by enhanced NO synthesis. This is unlikely the only mechanism, because blockers of NO-cGMP enhanced Phe contraction in pulmonary arteries of hypoxic and MCT rats with or without acidosis, suggesting possible compensatory activation of the NO-cGMP pathway in experimental PH. The reduced ACh relaxation in the PH rats and its improvement with acidosis is also unlikely due to decreased NO bioavailability due to increased oxidative stress in the setting of hypoxia (16) , because ACh-induced relaxation was also reduced in the MCT model and improved during induction of acidosis in MCT rats. A plausible explanation for the reduced ACh relaxation in hypoxic and MCT-treated rats is possible structural changes in the pulmonary vascular wall and decreased responsiveness of pulmonary VSMCs to vasodilators. This is supported by the reduced pulmonary artery relaxation to the NO donor SNP in hypoxic and MCT-treated rats, and consistent with the report that both endothelium-dependent and -independent relaxation are reduced in the rat model of MCT-induced progressive lung injury (25) . Consequently, the enhanced SNP-induced relaxation in pulmonary arteries of hypoxic and MCT rats treated with NH 4 Cl can be explained by prevention or reversal of structural changes in the pulmonary vasculature and improved responsiveness of pulmonary VSMCs to vasodilators. However, other factors contributing to the vascular responsiveness to SNP may include PDE-5 and protein kinase G activity and should be examined in future studies.
Increased thickness of pulmonary arterioles is a key structural feature of hypoxic PH, as evidenced by remodeling of the small pulmonary arteries, vascular cell proliferation, and obliteration of the pulmonary microvasculature (9, 21, 53, 59 ). We and others have shown that PH in hypoxic and MCT-treated rats is associated with reduced pulmonary responsiveness to vasoconstrictors and endogenous and exogenous nitrovasodilators (2, 25, 27, 50, 67) and extensive pulmonary arteriolar thickening and remodeling (9, 12, 44, 50, 53, 59) . Multiple mechanisms may contribute to pulmonary vascular remodeling in PH including resident medial pulmonary VSMC hypertrophy and hyperplasia and a phenotypic switch from a contractile to a synthetic phenotype; transdifferentiation of circulating and resident progenitor, adventitial, or endothelial cells to a VSMC-like phenotype; and intimal and adventitial changes.
Although evidence supports a role of pulmonary VSMC phenotypic switch in the pathogenesis PH, an imbalance between pulmonary vasoconstrictors such as ET-1 and vasodilators such as NO and PGI 2 has also been implicated in PH (19, 26, 33, 34, 38, 64) , and vasodilators are a major component of the current therapy for PH (10, 47, 71, 80) . However, a large number of patients do not respond to vasodilators, possibly because of excessive pulmonary vascular remodeling. Interventions to improve the responsiveness of the remodeled pulmonary arteries to vasodilators could be a useful approach in PH. We found that acidosis prevented and reversed established remodeling and improved pulmonary vascular responsiveness to vasoactive mediators. Also, we previously reported that extracellular acidosis inhibited proliferation and migration of cultured rat and mouse VSMCs (8, 11, 30 ). These observations support that the reduced wall thickness in pulmonary arterioles and improved responsiveness to vasoconstrictor and vasodilator stimuli in pulmonary arteries of PH rats treated with NH 4 Cl may be related to restoration of VSMC phenotype from proliferative to contractile with enhanced contraction mechanisms and increased plasticity and responsiveness to vasodilator signaling.
A potential confounding factor is the body weight during hypoxia and NH 4 Cl treatment. Hypoxic animals did not gain weight, and hypoxic animals treated with NH 4 Cl actually lost weight. The protective effects of NH 4 Cl on hypoxia-induced PH are unlikely due to changes in body weight because NH 4 Cl treatment was also protective in MCT-induced PH despite no effect on animal weight. It is also unlikely that weight changes could have altered the hemodynamic and structural indexes of PH because the hemodynamic measurements did not show a correlation with body weight and the analysis of RVH took animal weight into consideration. A potential limitation of the vascular function studies is that they were performed on extralobar pulmonary arteries instead of intralobar resistance vessels, which are thought to play a more important role in the regulation of pulmonary vascular resistance; future studies should compare the effects of nonhypercapnic acidosis in extralobar and intralobar vessels. Another potential limitation is whether the present study directly addressed the contribution of endothelial cells vs. VSMCs to the vascular responses to acidosis. Several pieces of ex vivo and in vitro evidence support that acidosis elicits effects on VSMCs that may be, at least in part, responsible for the protective pulmonary vascular effects observed. Although we did not physically remove the endothelium, we tested the effects of chemical blockade of endothelium-derived NO-cGMP and found that in pulmonary Fig. 9 . Effect of blockade of the NO-cGMP pathway on ACh-induced relaxation in pulmonary artery of normoxic, hypoxic, and MCTtreated rats with or without treatment with NH4Cl (acidosis). Pulmonary artery segments of control normoxic (A), normoxicϩacidosis (B), hypoxic (C), hypoxicϩacidosis (D), MCTtreated (E), and MCTϩacidosis rats (F) were either nontreated (OE) or pretreated with the NOS inhibitor L-NAME (3 ϫ 10 Ϫ4 M; ), or the guanylate cyclase inhibitor ODQ (10 Ϫ5 M;
) for 10 min. The tissues were precontracted with Phe (10 Ϫ5 M), increasing concentrations of ACh were added and the % relaxation of Phe contraction was measured. Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in L-NAME-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments. #Measurements in ODQ-treated pulmonary artery segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments.
arteries treated with L-NAME or ODQ Phe contraction was still reduced in hypoxia and MCT rat models of PH compared with normoxia rats, and improved in hypoxiaϩacidosis and MCTϩ acidosis rats (Table 2) . Also, the improved response to SNP, an exogenous NO donor and endothelium-independent vasodilator, in pulmonary arteries from hypoxiaϩacidosis and MCTϩacidosis animals provides indirect evidence that NH 4 Cl treatment improves VSMC sensitivity to exogenous NO independent of the endothelium. Additionally, the histology data demonstrated thickening of the pulmonary arteriolar wall in hypoxia and MCT rats, and amelioration of the vascular wall hypertrophy in hypoxiaϩacidosis and MCTϩacidosis rats. Furthermore, our previously published in vitro data demonstrated that acidosis decreased VSMCs proliferation and migration and enhanced their susceptibility to apoptosis, which may underlie the ameliorating effects of acidosis on pulmonary vascular remodeling in experimental PH (8) . Although these data point to an effect of acidosis on VSMCs, possible contribution of the endothelium to the effects of acidosis on the hemodynamics and vascular responses cannot be ruled out and should be examined in future studies. It is also important to define the effects of nonhypercapnic acidosis on other tissues and organs such as the heart and kidney. In our models of PH, a 2-wk hypoxic exposure or 4-wk after MCT treatment were not associated with significant changes in LVSP or the responsiveness of mesenteric vessels to vasoconstrictor or vasodilator stimuli, indicating specific changes in the pulmonary but not the systemic circulation in experimental PH. Similarly, NH 4 Cl treatment in the hypoxic model of PH was not associated with significant changes in LVSP or the responsiveness of mesenteric vessels to vasoconstrictor or vasodilator stimuli, supporting specific changes in the pulmonary but not systemic vasculature. In MCT-induced PH, treatment with NH 4 Cl did not alter the responsiveness of mesenteric vessels to vasoactive mediators but caused a significant reduction in LVSP, possibly due to direct cardiac effects of the combination of MCT (3) and NH 4 Cl.
The rodent models of hypoxia-and MCT-induced PH share some hemodynamic and histological features with human PH, including increased pulmonary arterial pressure, RVH, and pulmonary vascular remodeling. Although these "classic" animal models may not fully recapitulate the pathological changes in human PH (7, 73) and may lack some of the hallmarks of the disease such as the plexogenic lesions, they have been useful especially in intervention studies. All current therapies (including PGI 2 , ET-1 receptor antagonists, and PDE-5 inhibitors) for all categories of human PH have been tested and proven successful in these animal models. Future work should test the effectiveness of the acidosis intervention in new models of PH in which neointimal arteriopathy and plexogenic lesions more closely resemble the human condition. These models include the S100A4/Mts1 protein-overexpressing mouse infected with M1-␥-herpesvirus 68, left pneumonectomized MCT-injected rat, chronic hypoxic Sugen 5416 (VEGF receptor blocker)-injected rat or mouse, Sugen 5416-injected athymic nude rat, chronic hypoxic athymic nude rat, MCT-injected endothelin-B receptor-deficient rat, and IL-6-overexpressing hypoxic mouse (1, 14, 29, 38 -40, 57, 70, 72, 74, 75, 78) .
Perspectives
Human PH is characterized by progressive fibroproliferative obliteration of pulmonary arterioles and various degrees of pulmonary vasoconstriction, inflammation, and thrombosis, leading to progressive increase in pulmonary vascular resistance and RVH and failure (9, 21, 44, 59) . Current vasodilator therapies for PH include PDE-5 inhibitors, PGI 2 analogs, ET-1 type A receptor antagonists, and Ca 2ϩ channel blockers (63, 68) . To enhance their effectiveness, these therapeutic approaches are often used in combination (32, 51) . Although many vasodilators also have antiproliferative effects on VSMCs, there is no definitive evidence that pulmonary vascular remodeling in human PH is reversible. Fig. 10 . Sodium nitroprusside (SNP)-induced relaxation in pulmonary and mesenteric artery of normoxic, hypoxic, and MCT-treated rats with or without treatment with NH4Cl (acidosis). Pulmonary artery (A) and mesenteric artery segments (B) were precontracted with Phe (10 Ϫ5 M), increasing concentrations of SNP were added and the % relaxation of Phe contraction was measured. Data represent means Ϯ SE (n ϭ 6 -8). *Measurements in hypoxic and MCT-treated rats are significantly different (P Ͻ 0.05) from corresponding measurements in normoxic rats. #Measurements in NH4Cl-treated (acidosis) rats are significantly different (P Ͻ 0.05) from corresponding measurements in hypoxia or MCT-treated rats without NH4Cl treatment.
Also, current vasodilator therapies are not universally successful in altering PH progression and increasing survival. Therefore, novel approaches that directly target pulmonary vessel wall pathology are needed to reverse the established pulmonary vascular pathology in PH patients.
Careful evaluation of the findings in animal models could spearhead studies in humans to determine the effects of acidosis on the course of PH. Ample experimental evidence supports that specific antiproliferative, proapoptotic, immunomodulatory, and cell-based therapies could be effective in PH (5, 18, 36, 52, 54, 64, 69, 77) ; however, translation to clinical application is lagging behind these new discoveries. Because vasodilators such as PGI 2 , nitrates, and PDE-5 inhibitors are commonly used as a first line of treatment in severe PH (10, 47, 71, 80) , it is important to find interventions that could enhance the responsiveness of the pulmonary circulation to these vasodilators. The present data suggest that induction of nonhypercapnic acidosis could improve the pulmonary hemodynamics and pulmonary vascular function and could reduce pulmonary artery remodeling and therefore may provide a complementary approach to enhance the effectiveness of vasodilator therapy in PH. Further studies using suitable experimental models of PH and additional methods of inducing acidosis in vivo are needed to define the underlying mechanisms and translational potential of this approach.
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